L-asparaginase is a critical chemotherapeutic agent for acute lymphoblastic leukemia (ALL). It hydrolyzes plasma asparagine into aspartate and NH 3 , causing asparagine deficit and inhibition of protein synthesis and eventually, leukemic cell death. However, patient relapse often occurs due to development of resistance. The molecular mechanism by which ALL cells acquire resistance to L-asparaginase is unknown. Therefore, we sought to identify genes that are involved in L-asparaginase resistance in primary leukemic cells. By unbiased genome-wide RNAi screening, we found that among 10 resistant ALL clones, six hits were for opioid receptor mu 1 (oprm1), two hits were for carbonic anhydrase 1 (ca1) and another two hits were for ubiquitin-conjugating enzyme E2C (ube2c). We also found that OPRM1 is expressed in all leukemic cells tested. Specific knockdown of OPRM1 confers L-asparaginase resistance, validating our genome-wide retroviral shRNA library screening data. Methadone, an agonist of OPRM1, enhances the sensitivity of parental leukemic cells, but not OPRM1-depleted cells, to L-asparaginase treatment, indicating that OPRM1 is required for the synergistic action of L-asparaginase and methadone, and that OPRM1 loss promotes leukemic cell survival likely through downregulation of the OPRM1-mediated apoptotic pathway. Consistent with this premise, patient leukemic cells with relatively high levels of OPRM1 are more sensitive to L-asparaginase treatment compared to OPRM1-depleted leukemic cells, further indicating that OPRM1 loss has a crucial role in L-asparaginase resistance in leukemic patients. Thus, our study demonstrates for the first time, a novel OPRM1-mediated mechanism for L-asparaginase resistance in ALL, and identifies OPRM1 as a functional biomarker for defining high-risk subpopulations and for the detection of evolving resistant clones. Oprm1 may also be utilized for effective treatment of L-asparaginase-resistant ALL.
INTRODUCTION
The 2013 SEER Stat Fact Sheets from the National Cancer Institute 1 indicate that there were~78 000 people with acute lymphoblastic leukemia (ALL) in the United States alone, roughly 66% of those affected are youths, making ALL the most widespread pediatric cancer. L-asparaginase is one of the central components of current combination chemotherapy against ALL. Normally, L-asparagine is synthesized from L-aspartic acid and NH 3 by L-asparagine synthetase whose level is critically downregulated in leukemic cells. 2, 3 Thus, leukemic cells heavily depend on the availability of plasma asparagine for their protein synthesis and survival. L-asparaginase in the ALL treatment regimen depletes plasma asparagine by hydrolyzing the latter into aspartic acid and NH 3 , thereby causing cellular asparagine deficit, inhibition of protein synthesis and eventually, leukemic cell death. Although the outcome in childhood leukemia has improved significantly in the recent past, challenges arise as ALL patients treated with L-asparaginase relapse due to development of resistance, resulting in refractory disease. It would stand to reason that L-asparaginase-resistant cells have generated a mechanism that provides access to asparagine. One proposed mechanism involves the upregulation of L-asparagine synthetase activity, as elevated L-asparagine synthetase level was detected in resistant primary samples and cell lines. 4 Indeed, cellular L-asparagine synthetase level correlates with the half-maximal inhibitory concentration (IC 50 ) obtained following asparaginase treatment. 5 However, there have also been reports where no correlation between L-asparagine synthetase level and L-asparaginase resistance was observed, 6, 7 suggesting that other unknown factors may contribute to L-asparaginase resistance. To elucidate the molecular mechanism by which ALL cells acquire resistance to L-asparaginase, we sought to identify genes that are involved in L-asparaginase resistance. In this study, we employed an unbiased genome-wide loss-of-function screening against L-asparaginasesensitive pediatric ALL cells. We found that among randomly selected resistant clones, a significant majority has shown loss of the opioid receptor mu 1 (OPRM1). We present further analyses of this finding and demonstrate that, indeed, L-asparaginase refractory ALL coincides with downregulation of OPRM1.
RESULTS AND DISCUSSION
To identify genes that are involved in L-asparaginase resistance, we utilized an unbiased genome-wide RNAi screening 8 that targets 24 000 unique shRNAs covering 8 000 vital genes in continuously growing leukemia cells (POETIC2) established from a pediatric leukemia patient. These cells were prepared by highdensity culture of blast cells of a 14-year-old patient diagnosed with pre-B ALL with p16 deletion that maintained growth and survival in vitro. Initially, cells were infected with retrovirus carrying pRS-shRNA library and infected cells were selected by treatment with puromycin (2 μg/ml) for 3 weeks. Cells infected with pRSshRNA were then cultured in the presence of L-asparaginase (10 mIU/ml) for an additional 2 weeks. To isolate individual resistant colonies in soft agar, an additional 1-week culture in the presence of puromycin and L-asparaginase was performed and a total of 10 single colonies were formed and isolated. Isolated clones were amplified individually and as a pool of the 10 clones. Cell were fed with fresh media containing L-asparaginase (10 mIU/ml) every 3 days. As shown in Figure 1a , parental (designated as *) and control retroviral vector-infected cells are sensitive (IC 50 = 50.7 mIU/ml) to L-asparaginase treatment. In contrast, the pooled shRNA library-infected cells are resistant to L-asparaginase treatment. To test whether cell survival after puromycin and L-asparaginase treatments is due to infection of retrovirus carrying shRNAs, genomic DNA isolated from the pooled resistant cells was isolated and used to perform PCR using primers that flank the shRNA inserts. The presence of the 642 bp PCR product after the first (puromycin) and the second (L-asparaginase) screening of pRS-shRNA library-infected cells indicate that these cells, indeed, harbor the retroviral shRNA insert (Figure 1b) . Sequencing of bar codes for each individual clone was then performed to identify the target genes that account for L-asparaginase resistance. Our data show that among the 10 resistant clones, six hits were for opioid receptor mu 1 gene (oprm1) and two hits each for carbonic anhydrase 1 (ca1) 9 and ubiquitin-conjugating enzyme E2C (ube2c) 10 genes ( Figure 1c ). Next, we tested whether OPRM1 is expressed in our model cell system and other leukemic cells. As shown in Figure 2 , OPRM1 is expressed in our model cell system (*) and all four other leukemic cells tested. To validate our data from the genome-wide retroviral shRNA library screening, we infected the leukemic cells with retrovirus carrying shOPRM1 and tested whether specific knockdown of OPRM1 confers L-asparaginase resistance. Indeed, shOPRM1-infected cells that show reduced levels of OPRM1 mRNA (Figure 3a , left panels) and protein (Figure 3a , right panels) are resistant to L-asparaginase treatment (Figure 3b) .
Interestingly, a previous study 11 showed that stimulation of the opioid receptor leads to activation of inhibitory Gi-proteins which block adenylyl cyclase activity, which in turn, reduces cellular cAMP level and subsequently induces apoptosis by caspase Presence of shRNA inserts in cells infected with retrovirus carrying shRNA library. PCR was performed using gDNAs as template and pRS forward (5'-CCCTTGAACCTCCTCGTTCGACC-3') and reverse (5'-GAGACGTGCTACTTCCATTTGTC-3') primers. (c) Identification of genes responsible for L-asparaginase resistance. Ten L-asparaginase-resistant clones isolated by soft agar colony formation assay were subjected to gDNA isolation and PCR using the primers described in b. 642 bp PCR products resolved in 1% agarose gel were cut, extracted and sequenced using pRS-sequence primer (5'-GCTGACGTCATCAACCCGCT-3').
activation in leukemic cells. A separate study 12 also showed that activation of opioid receptor reduces cAMP level and increases sensitivity of glioblastoma cells to doxorubicin. Together, these findings suggest that leukemic cells utilize the OPRM1-cAMPcaspase pathway to acquire L-asparaginase resistance. Since methadone, an μ-opioid receptor agonist, was found to sensitize leukemic cells to doxorubicin treatment, 13 and the OPRM1-cAMPcaspase pathway may be utilized by leukemic cells for both methadone sensitization and L-asparaginase resistance, we investigated L-asparaginase sensitivity in both parental and OPRM1-depleted cells with and without methadone treatment. If the OPRM1-cAMP-caspase pathway is utilized by leukemic cells for both methadone sensitization and L-asparaginase resistance, parental cells will show synergistic sensitivity when the cells are treated with L-asparaginase + methadone compared to cells treated with L-asparaginase or methadone alone. However, leukemic cells resistant to L-asparaginase due to OPRM1 loss will be insensitive to L-asparaginase+methadone treatment. As shown in Figure 4a , methadone enhances the sensitivity of parental cells, but not OPRM1-depleted cells, to L-asparaginase treatment, indicating that OPRM1 is required for the synergistic action of L-asparaginase and methadone. Our findings also suggest that depletion of OPRM1 promotes leukemic cell survival through downregulation of the OPRM1-mediated apoptotic pathway. Thus, our data demonstrate that the OPRM1-mediated pathway may have a critical role in L-asparaginase sensitivity and development of resistance. Consistent with this finding, all leukemic cells with relatively high level of OPRM1 are significantly (P o0.05) sensitive to L-asparaginase treatment compared to our model leukemic cells depleted of OPRM1 (Figure 4b) .
To investigate the clinical relevance of our findings, a panel of additional leukemic cells isolated from ALL patients were assessed to determine whether reduced level of OPRM1 is linked to L-asparaginase resistance. To do so, primary leukemic cells from five ALL patients were analyzed for OPRM1 levels and L-asparaginase sensitivity. As shown in Figure 4c , leukemic cells with higher levels of OPRM1 are more sensitive to L-asparaginase treatment compared to those with lower levels of OPRM1. This finding further demonstrates the link between loss of OPRM1 and the development of L-asparaginase resistance.
In accord with our observations, further examination of the data at the cBioportal for Cancer Genomics, 14 that offers large-scale cancer genomics data set analysis, revealed the connection of oprm1 deletions and mutations to hematopoietic and other cancers. OPRM1 is deleted in 10% of adenoid cystic carcinoma and 6.3% of diffuse large B-cell lymphoma. OPRM1 is mutated in 15% of desmoplastic melanoma, 2.1% of diffuse large B-cell lymphoma, 1.7% of adenoid cystic carcinoma and 0.6% of chronic lymphocytic leukemia. Thus, our study demonstrates for the first time a novel molecular apparatus for L-asparaginase resistance in ALL, and identifies OPRM1 as a functional biomarker for defining high-risk subpopulations and for the detection of evolving resistant clones. Absence of sufficient data sets in publicly available databases (for example, cBioportal and Oncomine) prevented us from further acquiring a significant relationship between OPRM1 and ALL. Nonetheless, we propose that oprm1 can be targeted for effective treatment of L-asparaginase-resistant ALL. Characterization of L-asparaginase resistance due to loss of carbonic anhydrase 1 or ubiquitin-conjugating enzyme E2C in ALL is underway.
